Introduction
In most devices, for information visualization, relatively strong electric fields are applied which cause switching of the liquid crystal between two or more different states [1] . Analogue devices, in which electrooptic response is a con− tinuous function of applied voltage, are relatively seldom used. The electrooptic effects observed in weak fields (i.e. not inducing switching), besides their application potential, are of great importance in physical research. They allow de− tection of phase transitions [1] and the coupling of sponta− neous polarization with electric field and determination of many important material constants. They can provide infor− mation about the structure of liquid crystals (especially chiral smectics), and its changes in external electric field.
Electrooptic phenomena caused by weak electric fields are usually studied in thin planar samples. The electro− optical response of such samples depends not only on struc− ture changes [2, 3] . It is a result of combination of many pa− rameters dependent on experimental conditions, like the quality of alignment, sample thickness, birefringence, light absorption and scattering. In most cases, the temperature af− fects these parameters, but their dependence on temperature is not known. Therefore the results of electrooptic measure− ments are in most cases arbitrary and, consequently, the ab− solute values of neither linear nor higher order electrooptic coefficients can be determined [4] . However, the knowl− edge of linear and non−linear electrooptic coefficients can be useful for determination of some important material pa− rameters, like elasticity and viscosity coefficients. In this paper we present the way in which the absolute values of electrooptic coefficients can be determined, along with the results of calibration of the detection system for the first and second harmonic electrooptic response in an antiferro− electric liquid crystal.
Electrooptic response
The bulk samples of tilted chiral smectic phases are opti− cally biaxial. The biaxiality is relatively low and homoge− nous liquid crystal sample can be considered as a bire− fringent plate. After applying the external electric field E, the optic axis position changes by the angle Da that is a lin− ear function of E
where a is the constant (called here the linear electrooptic coefficient). The electric field changes also the shape of the indicatrix. For the symmetry reasons this change is qua− dratic in field [5] and causes changes in the phase shift r be− tween ordinary and extraordinary rays
where c is the coefficient describing the change of indicatrix shape (second order electrooptic coefficient). Both mentioned effects change the light intensity propa− gating through the typical electrooptic system (sample be− tween crossed polarizers subjected to the external electric field E). As shown in earlier papers [6] [7] [8] (4) at the second harmonics frequency. In Eqs. (3) and (4), a 0 is the azimuthal angle, made by optic axis (in our case the he− lix axis, perpendicular to smectic layers) with polarization plane of polarizer or analyzer in the absence of the electric field. The angle r 0 is the phase shift between ordinary and extraordinary rays after passing the sample without the elec− tric field. I 0 is the incident light intensity. According to Eqs. (3) and (4), the modulation depth at fundamental frequency depends only on the coefficient a, describing linear deflection of optical axis in electric field. On the other hand, second harmonic of modulation depends on the both coefficients a and c, describing linear effect and quadratic changes of indicatrix. These results are applicable for helical liquid crystals. Equations (3) and (4) have been verified experimentally for ferroelectric liquid crystals [6] [7] [8] . In this paper these equations will be proved in case of an antiferroelectric liquid crystal. The electrooptic investi− gation will be applied for liquid crystals possessing direct SmC a * -SmA transition.
Experimental
In this study, the measurements have been performed in a chiral liquid crystal 4−(1−methyl−heptyloxycarbonyl) phenyl 4'−(3−butanoyloxy propyl−1−oxy) biphenyl−4−carboxylate called here D−12, which exhibits antiferroelectric proper− ties. This material has a broad range of the antiferroelectric smectic C a * phase. For this reason it can be interesting from the application point of view.
The electrooptic experiments have been performed us− ing commercially available 12−µm thick cells from EHC Company (Japan). These cells consisted of glass plates coated with semitransparent electrodes and rubbed polymer orienting layers. The liquid crystal was introduced into the cell in its isotropic phase (above 136°C) by capillary action. Homogeneous planar alignment was achieved by slow cool− ing from the isotropic phase to the smectic A phase (at about 136°C). The alignment was furthermore improved by apply− ing low frequency (about 10 Hz) electric field of high ampli− tude (about 2 V/µm) in the smectic C a * phase. This proce− dure resulted in a well−aligned sample with smectic layers perpendicular to both the substrates and the rubbing direc− tion. The sample prepared in this way was used for observa− tions in polarized light and for electrooptic and dielectric spectroscopy. The cell was put into a modified Mettler hot stage placed on the microscope turntable. The table enabled easy and precise change of the azimuth angle. The tempera− ture stabilization was achieved by the use of the controller TC−6500 of Digi−Sense Company. The sample was put be− tween crossed polarizers of the polarizing microscope Biolar from PZO (Poland). An external AC voltage (0.5 V rms , 110 Hz) was applied to the electrodes. The change in intensity of light passing the sample was registered by a photodiode with the preamplifier PIN20 of FLC Electronics Company. The output of the preamplifier was connected with lock−in amplifier SR−850 (Stanford Research).
Both the measuring process and the data acquisition were controlled by a personal computer. A custom com− puter program was used to measure simultaneously the first and the second harmonic electrooptic response. Electrooptic modulation was measured as a function of temperature, voltage and frequency, for the azimuth angle distant by a 0 = 22.5°from the position of maximum extinction in the smectic A phase. Phase transitions were identified by differ− ential scanning calorimetry and microscopy.
Results and discussion
For correct and unambiguous identification of phase transi− tions, a number of measurements have been made. The re− sults of thermal analysis made by Scanning Calorimeter DSC200 from Netzsch are shown in Fig. 1 . On the basis of thermal processes in the sample we estimated temperatures of phase changes and correlate them with experimental re− sults obtained during a measurement of a light modulation depth.
The transition from SmC a * to SmA is hardly visible in a calorimetric measurement. Fortunately, it is clearly ob− servable in dielectric and electrooptic experiments. The electrooptic response of the antiferroelectric liquid crystal substance D−12 is shown in Fig. 2 . The first harmonic of electrooptical response is weak in the SmC a * phase. Due to the compensation of polarization in each couple of smectic layers it is even weaker than the electroclinic effect in a paraelectric SmA phase. The second harmonics observed in an antiferroelectric phase (Fig. 3) is attributed to the qua− dratic effect related to a change of the indicatrix shape. In the smectic A phase, the electrooptic response with doubled frequency is not registered. On the basis of calorimetric and electrooptic studies we stated that the phase sequence of the studied material is Crystal 112 SmC a * 126 SmA 136 Isotro− pic.
In order to characterize quantitatively the electrooptic response measured at fundamental frequency we used a me− chanical calibrating system. This system was described in detail previously [4] . The calibration curve represents the light modulation depth as a temperature function. During the measurement, a synchronic electric motor sets the mi− croscope table in vibration around a 0 = 22.5°simulating a change of the angle a 0 by Da K . In our experiment, the os− cillation angle Da K was 0.196 deg. The changes of light in− tensity passing through the crossed polarizers and the sam− ple were detected by the photodiode. The change in the light intensity DI K caused by rotation of the microscope stage by the (small) angle Da K is presented in Fig. 4 .
During the measurements of second harmonics, a simi− lar problem with obtaining absolute values of the electro− optic response occurs. Unfortunately, the simple and accu− rate calibration procedure used for the electrooptic res− ponse of the first order cannot be used for the second order effects. We applied another calibration procedure de− scribed in Ref. 4 . This procedure allowed us to recalculate the electrooptic response obtained in relative units into ab− solute values (in angular units). To calculate the quadratic electrooptic coefficient c we must first determine the light intensity I 0 and the phase shift r 0 (Fig. 5) . Thanks to the calibration procedure, the background connected with slight light passing through crossed polarizes and the scat− tered light does not contribute to obtained results. The use of lock−in amplifier enabled a separate registration of the electrooptic phenomena at excitation frequency and at sec− ond harmonics frequency. The registration of electrooptic response is made for both harmonics simultaneously (in one measuring run). Using the results presented in Figs. 5 and 6 and taking into account the calibration curves we can obtain the electrooptic parameters a and c. Both the registration of the electrooptic response and the calibration process is made in the same conditions (without changing the sample position) and in the same temperature cycle. Thanks to calibration, the determination of helical structure deformation is possi− ble by measuring the change of both the optic axis position and the changes of the indicatrix shape. We present the lin− ear electrooptic coefficient as a function of temperature for antiferroelectric liquid crystal D−12 in Fig. 6 .
As Figs. 6 and 7 demonstrate, both the linear electro− optic coefficient a and the quadratic electrooptic coefficient c show strong temperature dependences. These dependen− ces are especially pronounced at the phase transition be− tween antiferroelectric and paraelectric phase. In the anti− ferroelectric phase, due to the anti−parallel molecular tilt in adjacent layers, the spontaneous polarization is almost com− pensated. Therefore the electrooptic effect is weak and, con− sequently, the linear coefficient a is very small. On passing to the paraelectric phase, the tilting of a layer appears due to the electroclinic effect and the system strongly reacts on the applied field. This is marked by a strong increase in the lin− ear electrooptic coefficient a. The behaviour of the parame− ter c in both phases is completely different. It is large in SmC a * phase and vanishes in the paraelectric SmA phase. In antiferroelectric phase, a double helicoidal structure exists and the polarization vectors in each neighbouring layers are almost anti−parallel. The observed strong quadratic effect is mainly due to the coupling electric field with dielectric ani− sotropy. In the SmA phase, due to the lack of a helical struc− ture, the electric field induced change of the indicatrix is negligible and the quadratic electrooptic coefficient c disappears.
Till now, data on the electrooptic coefficients a and c in the antiferroelectric liquid crystals are not available. The re− sults shown in Figs. 6 and 7 are the first results of that kind and therefore cannot be compared with any other data.
Conclusions
The electrooptic effects at both the basic and the doubled frequency were studied in the chiral liquid crystal D−12. The linear effect is a result of the change in an optic axis posi− tion. The applied calibration procedure allowed us to deter− mine the absolute values of linear and quadratic coeffi− cients. The linear electrooptic coefficient a is almost tem− perature independent in the SmC a * phase and its magnitude is rather low, as compared with that measured in the ferro− electric SmC * phase [4] because due to the anti−parallel mo− lecular tilt in adjacent layers, the spontaneous polarization is almost compensated. Both linear electrooptic coefficient a and quadratic electrooptic coefficient c show strong temper− ature dependences. The observed strong quadratic effect is mainly due to the coupling of electric field with dielectric anisotropy. In the paraelectric smectic A phase, due to the lack of helical structure, the electric field induced change of the indicatrix is negligible and the quadratic electrooptic co− efficient c disappears. This property can serve as a precise mark of the phase transition smectic C * -smectic A, which in some cases is hardly observable. 
